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Abstract

This report examines climatic changes projected for Latvia during the 21st century. Climate projections are based on a wide 
ensemble of state-of-the-art CMIP5 global climate models; that set of models was utilized in compiling the 5th Assessment 
Report of the Intergovernmental Panel on Climate Change.  Projections have been elaborated separately for three greenhouse 
gas scenarios, the RCP2.6 scenario representing small, RCP4.5 medium and RCP8.5 large emissions.

By the late 21st century, the following changes (expressed relative to the mean of the period 1971-2000) are projected:

• In winter, mean temperatures are projected to increase by 1-4 °C under RCP2.6, 2-6 °C under RCP4.5 and 4-9 °C under 
RCP8.5. In summer, anticipated warming is weaker: 1-3 °C under RCP2.6, 1-4 °C under RCP4.5 and 2-7 °C under RCP8.5. 
In winter, warming appears to be somewhat larger in the eastern part of the country while in summer the geographical 
differences are small.

• Diurnal temperature range would diminish in winter by 0-50 % and incident solar radiation by 0-30 %. In summer, changes 
in these quantities are most likely positive but fairly small.

• Mean winter precipitation increases by 0-20 % under RCP2.6, 0-30 % under RCP4.5 and 10-50 % under RCP8.5. In 
summer, the sign of change is uncertain, but in southern Latvia it is somewhat more likely that precipitation decreases 
slightly rather than increases.

• Ice days (with a maximum temperature below zero) become substantially less frequent while the count of summer days 
(maximum temperature above 25 °C) increases.

• Thermal growing season would lengthen by up to two months and the degree day sum would nearly double (under 
RCP8.5).

• According to the best estimate (multi-model mean), wind speeds would remain nearly unchanged throughout the year. Even 
so, scatter among the individual model projections is large, and in winter even changes larger than ± 20% are possible.

When studying projections for a less distant future, the sign of change is the same as what is projected for the late 21st 
century but the magnitude is smaller. The above uncertainty intervals of projected changes reflect mainly the inter-model 
differences but the contribution of natural unforced variability has also been taken into account.

In the course of the project, several data files have been delivered into Latvia to be used for additional analyses. These files 
include, for instance, the time series of 30-year running monthly mean changes and bias-corrected daily model output, both 
given for five climate variables and represented on a 10 x 10 km grid.
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1 Introduction

According to IPCC (2013), global warming will continue during the 21st century, although the
severity of the simulated changes varies among the climate models and is largely dependent on
the evolution of future greenhouse gas emissions. The aim of the present project is to assess how
this global-scale climatic change is reflected in the Latvian climate.

The present project has been financed through the project “Development of Proposal for Na-
tional Adaptation Strategy, Including Identification of Scientific Data, Measures for Adapting
to Changing Climate, Impact and Cost Evaluation”, supported by the European Economic Area
Financial Mechanism and implemented by the Latvian Environment, Geology and Meteorol-
ogy Centre (LEGMC). Within the framework of this programme, LEGMC produces an analysis
of long term observational climate data and develops climate change scenarios for the country.
In this programme, the Finnish Meteorological Institute (FMI) was selected as a partner that
provides model-based climate scenario data for the Latvian territory.

A reasonable general view on the projected climate change in Latvia can be obtained by studying
the spatial averages over the country. This is due to the fairly small size of the country (about
400 x 200 km) compared to the typical horizontal scale of modelled changes in temperature,
precipitation and other climate variables (Figs. 21–25 in this report; see also Fig. 12.10 of IPCC
(2013)). Moreover, the topography of Latvia is gentle, with the majority of the country having a
height of less than 200 m above the sea level, the coastline is fairly regular, and no archipelago
or large lakes exist. Consequently, differences across the various climate model simulations tend
to be much larger than the geographical differences of the projected changes within the country.
Nonetheless, in addition to the spatial means, this report presents the geographical distribution
of changes for the main climate variables.

In recent years, climate change scenarios have been created for several northern European coun-
tries, e.g., for Russia (Meleshko et al., 2008), Sweden (Lind and Kjellström, 2008), Estonia
(Jaagus and Mändla, 2014) and Finland (Jylhä et al., 2009; Ruosteenoja et al., 2013). Moreover,
climate scenario data have been distributed through the Finnish climate portal (climateguide.fi),
for instance.

In the present project, climate scenarios have been derived from the output of global cli-
mate models (GCMs) participating in Phase 5 of the Coupled Model Intercomparison Project
(CMIP5). This is the most recent comprehensive climate model ensemble available and has
been utilized in compiling the climate projections presented in the 5th assessment report of
the Intergovernmental Panel on Climate Change (IPCC). Projections are given separately for
three greenhouse gas scenarios, one representing moderate, one medium and one strong climate
change. The climate variables considered are daily mean, minimum and maximum tempera-
ture, precipitation and wind speed. In addition, some nationally-averaged projections are given
for surface air pressure, incident solar radiation, and the length and degree days of the thermal
growing season.

For the spatially-averaged projections, annual, seasonal and monthly means are presented for the
three greenhouse gas scenarios, and for each scenario, the best estimates (multi-model means)
and uncertainty assessments derived from the inter-model scatter are given. Seasonal and annual
mean changes are presented in a tabular form as well: multi-model mean changes with 90 %
uncertainty intervals and projected changes simulated by the individual GCMs.



7

In order to explore the geographical distributions, projected monthly changes have been inter-
polated onto a 10 x 10 km grid. These files have been delivered to LEGMC in Latvia and also
used to compile maps of projected changes (Figs. 21–25).

The final task in the present project was to create a database that can be used in calculating
diverse climate indices. For that purpose, files containing bias-corrected model output on the 10
x 10 km grid have been produced for selected GCMs. Bias correction requires fine-scale gridded
daily observations that have been created at LEGMC by using a Kriging interpolation algorithm
developed by FMI; an evaluation of these observation-based analyses is included in this report.
To facilitate utilization of this database, we have calculated two example climate indices that can
be used for comparison.

2 Production of the climate scenario data

2.1 Greenhouse gas scenarios

In the GCM runs that have been utilized in elaborating the present climate projections, the future
evolutions of the greenhouse gas (carbon dioxide, methane, etc.) and aerosol particle concen-
trations have been represented with three alternative forcing scenarios called Representative
Concentration Pathways or RCPs (van Vuuren et al., 2011). The time series of the emissions
and atmospheric concentrations of the most important anthropogenic greenhouse gas, carbon
dioxide, under the RCP scenarios are shown in Fig. 1. Under the RCP8.5 scenario1, emissions
continue to increase throughout the 21st century, ultimately nearly three-folding compared to the
level that prevailed in 2000, and the concentration of CO2 would approach 1000 ppm by 2100.
According to the other two RCP scenarios, global emissions decline during this century. If the
RCP4.5 scenario is realized, the CO2 concentration stabilizes close to 540 ppm by the end of
the century, i.e., at a level about double of that in the pre-industrial era. Under the low-emission
RCP2.6 scenario, the concentrations start to diminish already after mid-century.

According to the present GCM simulations (section 2.2), all three greenhouse gas scenarios lead
to an increase in global-mean temperature during the next few decades, but in the mid- and,
in particular, late 21st century the global mean temperature projections diverge significantly
among the scenarios (Fig. 2). If the emissions increase unabatedly (the RCP8.5 scenario),
global warming even accelerates in the course of the century, and, by the late 21st century,
global mean temperature may have increased by ∼4◦C compared to the 1971–2000 mean, and
even more relative to the pre-industrial level. Curtailing the emissions leads to a deceleration of
global warming, and under the RCP2.6 scenario, global mean temperature would stabilize after
mid-century.

In the present project, the RCP2.6 scenario stands for moderate, RCP4.5 for medium and RCP8.5
for significant climate change.

It should be noticed that the global-mean warming estimates depicted in Fig. 2 are subject to
significant inter-model scatter. The importance of inter-model differences for the Latvian climate
projections will be illustrated in Figs. 11–18.

1The label after the acronym RCP refers to the total radiative forcing (in Wm−2) near the year 2100.
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Figure 1. Temporal evolution of the global emissions (gigatonnes of carbon per year; left panel) and
atmospheric concentrations (parts per million in volume (ppm); right panel) of carbon dioxide in
2000–2100 according to three RCP scenarios; see the legend.

Figure 2. Projected changes in global mean surface air temperature (in ◦C) during the 21st century
(30 year running means), relative to the mean of the baseline period 1971–2000; a mean of the
simulations performed with the 28 GCMs listed in Table 1. Projections are depicted separately
for three greenhouse gas scenarios: RCP8.5, RCP4.5 and RCP2.6 (see the legend). To obtain the
temperature increase relative to the pre-industrial era, these estimates have to be elevated by about
0.5 ◦C due to the global warming that has occurred before the late 20th century.
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2.2 Climate model data

The global climate models analyzed in this project are listed in Table 1. Further information
about the individual GCMs, including the official references, can be seen in Table 9.A.1 of
IPCC (2013).

Originally, we examined 35 GCMs but, as discussed in Luomaranta et al. (2014), seven of those
models were excluded from the analysis. These rejected GCMs either failed to reproduce the
recent past climate in Europe, gave severely biased simulated temperature trends during the
instrumental period, or produced future temperature responses to the various RCP scenarios that
were not mutually consistent. Accordingly, 28 models were used in calculating projections for
surface air temperature and precipitation (as well as for surface air pressure and solar radiation,
for which some spatial-mean results will also be presented) under RCP4.5 and RCP8.5 (Table
1). For the RCP2.6 scenario, data was provided by 21 models. In order to make the future
projections mutually comparable for all three RCP scenarios, these missing GCM runs were
replaced by surrogate data produced by a pattern-scaling technique (Ruosteenoja et al., 2007).
This scaling procedure only influences the projections for the RCP2.6 scenario.

For daily maximum and minimum temperatures and wind speeds, data were lacking from a
few GCMs. Moreover, in both versions of the IPSL model, diurnal temperature range proved
to be unrealistically large, and therefore these models were not considered when studying the
daily temperature minima and maxima. Consequently, 25 climate models were examined for the
diurnal temperature cycle and 24 models for wind speed (for RCP4.5 and 8.5).

Many GCMs provide multiple parallel runs for the individual RCP scenarios, the maximum
count of these runs being six (Table 1). Parallel runs are forced by identical greenhouse gas
and aerosol concentrations, but the initial conditions in the runs diverge. Availability of several
parallel runs helps to assess the component of uncertainty induced by unforced internal vari-
ability in the climate system (see below). In this report, changes in the temperature variables,
precipitation, wind speed, etc. are means of all the parallel runs available for each GCM. On
the other hand, bias-corrected data (section 2.7) will be given merely for the first parallel run.
Accordingly, climate indices (section 2.8) are calculated for a single parallel run as well.

The computational grid varies among the 28 climate models. Therefore, in calculating the multi-
model statistics, all model data were first interpolated bi-linearly onto a common 2.5 x 2.5 degree
latitude-longitude grid. Spatial averages over Latvia were calculated as an area-weighted mean
of those three grid points that fall within the territory of the country.

The future projections are expressed as changes relative to the means of the baseline period
1971–2000. Some GCM runs end in 2099, and therefore projections for the period 2071–2100
have been extrapolated from the 30-year means representing the periods 2069–2098 and 2070–
2099.

In calculating the multi-model means and standard deviations for the simulated changes, all
28 GCMs were weighted equally, with the exception that no individual research centre was
given more than two votes. Accordingly, halved weight coefficients were given for MIROC-
ESM, MIROC-ESM-CHEM, CESM1-CAM5 and CESM1-BGC, while the remaining GCMs
were weighted by unity.

For any individual RCP scenario, the uncertainty of future changes in a climate variable (e.g.,
temperature) consists of two components, modelling uncertainty and internal natural variability.
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Table 1. Global climate models used in creating climate projections for Latvia. The first and
second columns state the model acronym and the country of origin; the EC-EARTH model has
been developed by a consortium of several European countries. Columns 3–5 give, for each RCP
scenario, the number of parallel runs for temperature and precipitation simulations (for the other
variables, the number of runs is different for some models). Finally, there is a list of variables
for which data have been analyzed in the present work for each individual model (T: surface air
temperature; PR: precipitation; TXN: daily maximum and minimum temperatures; W: surface air
wind speed).

Model Country N2.6 N4.5 N8.5 Variables
MIROC5 Japan 3 3 3 T, PR, TXN, W
MIROC-ESM Japan 1 1 1 T, PR, TXN, W
MIROC-ESM-CHEM Japan 1 1 1 T, PR, TXN, W
MRI-CGCM3 Japan 1 1 1 T, PR, TXN, W
BCC-CSM1-1 China 1 1 1 T, PR, TXN, W
INMCM4 Russia - 1 1 T, PR, TXN, W
NorESM1-M Norway 1 1 1 T, PR, TXN
NorESM1-ME Norway 1 1 1 T, PR
HadGEM2-ES U.K. 4 4 4 T, PR, TXN, W
HadGEM2-CC U.K. - 1 3 T, PR, TXN, W
MPI-ESM-LR Germany 3 3 3 T, PR, TXN, W
MPI-ESM-MR Germany 1 3 1 T, PR, TXN, W
CNRM-CM5 France 1 1 5 T, PR, TXN, W
IPSL-CM5A-LR France 4 4 4 T, PR, W
IPSL-CM5A-MR France 1 1 1 T, PR, W
CMCC-CM Italy - 1 1 T, PR, TXN, W
CMCC-CMS Italy - 1 1 T, PR, TXN, W
GFDL-CM3 U.S.A. 1 1 1 T, PR, TXN, W
GFDL-ESM2M U.S.A. 1 1 1 T, PR, TXN, W
GISS-E2-R U.S.A. 1 5 1 T, PR, TXN, W
GISS-E2-H U.S.A. 1 5 1 T, PR, TXN, W
NCAR-CCSM4 U.S.A. 5 6 6 T, PR, TXN
NCAR-CESM1-CAM5 U.S.A. 3 3 3 T, PR, TXN, W
NCAR-CESM1-BGC U.S.A. - 1 1 T, PR, TXN
CanESM2 Canada 5 5 5 T, PR, TXN, W
ACCESS1-0 Australia - 1 1 T, PR, TXN, W
ACCESS1-3 Australia - 1 1 T, PR, TXN, W
EC-EARTH Europe 2 6 6 T, PR, TXN, W
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Ruosteenoja et al. (2016) derived equations that can be used to obtain the total variance of
uncertainty as a sum of these two components. This can be done by inspecting the parallel run
mean changes and deviations thereof.

After calculating the standard deviations of the total projection uncertainty, 90 % uncertainty
intervals for the change were calculated by using the normality approximation (multimodel mean
change ±1.645 times the standard deviation of the simulated changes).

2.3 Projections for the thermal growing season

Thermal growing season is defined as that part of the year when daily mean temperature exceeds
the +5◦C threshold value. The growing degree day sum (also called ’temperature sum’ or ’tem-
perature accumulation’) is calculated by summing the temperature excesses above that threshold
over the growing season.

Projections for the onset and termination dates of the thermal growing season, based on simula-
tions of 22–23 climate models, are available for the RCP4.5 and RCP8.5 scenarios (Ruosteenoja
et al., 2016). Moreover, that paper deals with projections for the growing degree day sum for
both scenarios.

In this report, the growing season data are given for a grid point in central Latvia.

2.4 Monthly mean climate change projections on a 10 km grid covering
Latvia

To assess the horizontal distribution of the responses, projected multi-model mean changes in
the daily mean, minimum and maximum temperatures, precipitation and scalar wind velocity
were interpolated onto the 10 x 10 km LKS92 grid covering Latvia. Overlapping 30-year run-
ning means were given for the periods from 1960–1979 to 2071–2100. Again, changes are
presented relative to the mean of the baseline period (1971–2000). Note that, in addition to the
projection periods from 2010–2039 to 2071–2100, these time series include model-estimated
changes for the periods from 1960–1979 onwards, so that the users of the data have an oppor-
tunity to compare recent modelled trends in the various climate variables with their observed
counterparts.

Projections for the temperature variables were given in ◦C, changes in precipitation and wind
velocity in per cent. The projections are based on simulated changes averaged over the 28
climate models (and on a slightly smaller number of GCMs for Tmin, Tmax and wind speed,
see Table 1) and are given separately for the three greenhouse-gas scenarios (RCP2.6, RCP4.5
and RCP8.5) and all 12 calendar months. The time series were provided in the form of csv data
files. Some example figures are displayed later in this report (Figs. 21–25).

2.5 Guidance: how to produce projections in absolute terms

The procurement only obliged FMI to provide climate change scenarios. However, projec-
tions for the climate variables are often needed in absolute terms as well. For this purpose,
the generally-used delta-change approach can be applied. To obtain mean temperatures for the
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future, the projected monthly mean temperature changes are directly added to the correspond-
ing observational mean temperatures of the period 1971–2000. Daily minimum and maximum
temperatures are treated analogously.

Correspondingly, precipitation projections can be produced by multiplying the observation-
based monthly mean precipitation in 1971–2000 by the factor 1 + DP/100, where DP stands
for the projected percentual change in precipitation. In principle, a similar procedure can be
applied to percentual wind speed projections. One should note, however, that the observation-
based gridded datasets for wind are rather unreliable, since wind speeds are strongly dependent
on local micro-meteorological conditions near the observation sites.

2.6 Observational data on the 10 x 10 km grid

For correcting biases in the model-produced time series of the various climate quantities (section
2.7), one needs gridded observation-based time series for the respective variables. These daily
time series for the period 1961–2010 (for wind speed, from 1966 onwards), represented on the
10 x 10 km LKS92 grid covering Latvia, have been produced by using the Kriging interpolation
method. For that purpose, a modified version of the interpolation algorithm developed at FMI
(Aalto et al., 2016) was used. In generating the analyses for Finland with the same algorithm,
observations from selected sites outside the Finnish territory were included, in addition to a wide
set of domestic observations. For Latvia, however, the option of including observations from the
neighbouring countries was not utilized.

In Figs. 3–6, the long-term monthly means of four climate quantities (daily mean, minimum and
maximum temperatures and precipitation) produced by the Kriging interpolation are compared
with their counterparts derived from the E-OBS analyses (version 12.0) covering the entire Eu-
ropean continent (Haylock et al., 2008). The E-OBS analyses have been represented on a 0.25
x 0.25 degree grid, and therefore, before calculating the differences, the Kriging products have
been interpolated onto the same grid.

In the monthly mean temperatures (Fig. 3), differences between the two datasets are generally
fairly modest, on the order of magnitude of 0.0–0.4 ◦C. Larger differences (∼0.4–0.8 ◦C) occur
in the southeastern corner of Latvia near the Belarussian border (in winter and late spring) and
near the eastern coast of Gulf of Riga close to the Estonian border (in summer), for instance.
For daily maximum and minimum temperatures, areas with a substantial difference tend to be
far wider (Figs. 4–5).

Large local differences between the two observation-based datasets near the borders of the coun-
try are presumably caused by the application of the Kriging algorithm. By definition, the out-
come of the interpolation is typically not realistic close to the boundaries of the domain. This
problem would have been eluded by including observations from the neighbouring countries in
the analysis, but, as mentioned above, this alternative was not applied here.

In the daily minima and maxima in particular, differences between the two analyses also reflect
spatial variations in the surface topography. For example, in the Vidzeme upland area near
57◦N, 26◦E, there are systematically lower temperature minima (throughout the year) and higher
maxima (in spring and early summer) in the Kriging product compared to the E-OBS analyses.
Such differences are likely to be due to the more dense observation network utilized in the
Kriging analysis. For example, observation from Zoseni, one of the highest observation sites in
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Figure 3. Climatological monthly mean temperatures for the period 1961–2010: the differences
between monthly means derived from data interpolated onto the 10 x 10 km grid using Kriging and
from the E-OBS analyses. Contour interval 0.2◦C.
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Figure 4. As in Fig. 3, but for the daily minimum temperatures. Contour interval 0.2◦C.
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Figure 5. As in Fig. 3, but for the daily maximum temperatures. Contour interval 0.2◦C.
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Figure 6. As in Fig. 3, but for mean precipitation totals. Contour interval 4 mm/month.
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Latvia with an elevation of 187 m above the sea level, were not included in creating the E-OBS
dataset but were utilized in elaborating the Kriging analyses.

Still, it is also possible that the above-mentioned differences might partly be an artefact induced
by the Kriging interpolation procedure. When there are only a few high-topography observation
sites in the observational dataset, the local microclimate at these stations may influence the
outcome of the interpolation. For example, if these high-lying stations happen to reside in
valleys, where daily temperature maxima are high and minima low, the Kriging algorithm then
imagines that the diurnal temperature range should be generally wide in elevated areas.

For precipitation, differences in the monthly means derived from the Kriging and E-OBS prod-
ucts are substantial, up to ≥ 10 mm/month (Fig. 6). In the bulk of the domain, the Kriging
product is wetter than its E-OBS-derived counterpart. In particular, the Kriging analyses yield
large precipitation totals for an area located to the east-northeast of Riga in autumn and winter.
There are two precipitation-rich stations (Limbazi and Sigulda) in this area, from which data
were included in the Kriging but not in the E-OBS analysis. This may largely explain differ-
ences between the analyses in this area. In precipitation, no particularly striking method-induced
differences are seen near the boundaries. Some stations from which data were employed in the
Kriging analyses of precipitation reside quite close to the border of Latvia. Moreover, possible
artefacts caused by the boundaries of the domain may be hidden by the fairly large differences
existing everywhere over the domain.

Analyses of wind speed are not included in the E-OBS data archive, and therefore any quantita-
tive evaluation of the Kriging output was not possible. Nonetheless, caution is recommended in
using the interpolated winds as well, especially close to the boundaries of the country.

2.7 Bias correction for the model output data

In all climate models, simulated climate for the baseline period differs more or less from its
observational counterpart. For example, temperature biases are typically around a few degrees
(e.g., Fig. 1 of Ruosteenoja et al., 2016). Consequently, if the GCM data by itself were used to
calculate diverse climate indices (e.g., the number of warm summer days), the values obtained
for the indices would be severely biased, for both the baseline-period and future climates.

To overcome this problem, an approach termed bias correction has been developed. This pro-
cedure consists of using model-produced daily-mean temperatures etc. both for the baseline
period and for the future, but, using observational data, the simulated time series of the model
output are adjusted to eliminate the systematic modelling errors. Precipitation and other climate
quantities can be corrected by applying a similar philosophy. As discussed in Räisänen and Räty
(2013), several alternative methods have been developed for bias correction.

In this project, we have produced bias-corrected data for daily mean, minimum and maximum
temperatures, precipitation and wind speed. The method used for bias correction is called quan-
tile mapping. The general idea of the method is outlined here, while a more detailed description
is presented in Räisänen and Räty (2013). In applying the method, the GCM-simulated daily
values of the different climate variables were first re-gridded onto the 10 x 10 km grid cover-
ing the area of Latvia using a bilinear interpolation. Thereafter, monthly correction functions
were constructed for each grid-point and for each climate model by inspecting the differences
between the quantiles of the frequency distribution of the respective variable as derived from ob-
servations (see section 2.6) and from the model output. The quantiles have been calculated for
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the calibration period of 1966–2010. Formally, the observed (Fo) and modelled (Fc) cumulative
probability distributions were used to transform the modelled time series (si) to the corrected
time series (pi):

pi = F−1
o (Fc(si)) (1)

In calculating the correction functions, data were extracted, in addition to the target month, from
the 15 nearest days of the previous and the subsequent calendar months. Such a two-month
window, suggested by Räisänen and Räty (2013), was used to reduce sampling uncertainty in
calculating the correction functions. A high number of quantiles, 1000 for each variable, were
determined.

In carrying out the bias correction for precipitation, days with the observed precipitation smaller
than prLIM,OBS = 0.1 mm/day were classified as dry. In order the modelled number of dry days
during the calibration period to be equal to the observed number, we defined a corresponding
model-based threshold value prLIM,MOD for dry days for each location, month and climate
model. Daily modelled precipitation rates below prLIM,MOD were set to zero, and the corrected
daily precipitation totals were calculated for wet days (i.e., those with pr > prLIM,MOD) only.

As an illustrative example, Fig. 7 shows the original and bias-corrected time series of model-
simulated daily mean temperature for one summer season. In both time series, the temporal
day-to-day course of temperature is in phase. However, in this particular GCM, in July and
August modelled mean temperatures are somewhat lower than those observed, while in June
there is a minor overestimation. In addition, the temporal variability of simulated temperatures
tends to be slightly underestimated, in June in particular. In the corrected time series, these
systematic biases have been eliminated.

Bias-corrected data were produced for seven quality-controlled global climate models (Table
2). We endeavoured to select a representative sub-ensemble of GCMs, so that there are models
simulating both relatively weak and rather strong changes in mean temperature and precipitation
(see Fig. 19 and Tables 9–11). Unfortunately, for wind speed, model output data were only
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Figure 7. Time series of daily mean temperature simulated by MPI-ESM-MR for June-August of
one model year at 57.1◦N, 24.6◦E. Original model output is denoted by a blue and corrected time
series by a red line.
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Table 2. Climate models for which the bias-corrected data were created. The first column depicts
the model acronym and the other columns list the availability of the bias-corrected data for the
diverse climate variables (T: surface air temperature; PR: precipitation; TXN: daily maximum
and minimum temperatures; W: surface air wind speed).

Model T PR TXN W
MIROC5 X X X -
HadGEM2-ES X X X X
MPI-ESM-MR X X X X
CNRM-CM5 X X X -
GFDL-CM3 X X X X
NCAR-CCSM4 X X X -
CanESM2 X X X -

available from three of these GCMs2. On the other hand, all seven GCMs provide simulations
for all three greenhouse gas scenarios (RCP2.6, RCP4.5 and RCP8.5). The bias-corrected time
series cover the period 1961–2100.

The main advantage of the present bias-correction algorithm is that the shape of the frequency
distribution for the climate variables becomes realistic. For example, in the observation-based
frequency distribution of temperature, values close to 0◦C are far more common than values
somewhat below or above zero (Fig. 8). This feature is distinctly more realistic in the bias-
corrected than in the original model output data and is likewise evident in the distributions of
the temperature variables representing future climate (in particular, in the daily minima). A
reasonable representation of near-zero temperatures is essential for a reliable estimation of the
count of freezing days, for instance.

For wind speeds, the MPI-ESM-MR model simulates only infinitesimally small changes (see
Table 11 in the Appendix). Accordingly, even the bias-corrected future frequency distributions
of wind speeds are nearly identical to those derived from the observations (Fig. 8).

Even so, the quantile mapping method involves drawbacks as well. Model-simulated temporally
averaged changes in the different variables are not exactly preserved in the bias-corrected data.
For example, warming may be, to some extent, more or less intense when derived from the
bias-corrected data, compared with the original uncorrected model output. The problems are
most severe in the coastal areas, where method-based uncertainties induced by both the Kriging
interpolation of the observations and the bias correction of the climate data occur; e.g., the
resulting relative errors in the projected mean warming may be up to about 20 %.

Concerning the utilization of the precipitation data, a further caveat has to be mentioned. In the
bias-corrected data, daily precipitation values correlate in time far more strongly at adjacent grid
points than in reality. Applications sensitive to the spatial correlation structures of precipitation,
such as hydrological run-off and flood modelling, may thus suffer from a severe occasional over-
estimation of area-integrated precipitation totals when these totals are calculated as a sum over

2In the procurement, bias-corrected data were promised for five climate GCMs at minimum. As bias corrections
for wind speed could be given for three models only, we compensate this deficit by providing corrected data for the
other variables from seven GCMs. Moreover, we provide projections for two climate indices (section 2.8) rather
than a single one as it was stated in the procurement.
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Figure 8. Frequency distributions of precipitation (panels on row 1), wind speed (row 2) and daily
mean (row 3), minimum (row 4) and maximum temperature (row 5) as simulated by MPI-ESM-
MR during the calibration period 1966–2010 (left panels) and the future period 2056–2100 under
RCP8.5 (right panels); data from all Latvian grid points and all dates of the calibration period have
been pooled. Frequency distributions derived directly from the original model output are denoted
by a blue line, those from bias-corrected data by red. Observation-based distributions (representing
the calibration period in both panels) are marked by a dashed black line. In the left-column panels,
observational and bias-corrected distributions are virtually identical.
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several adjacent grid cells. However, the statistics determined for the individual grid cells are
not affected by this problem. Accordingly, we regard the present data sets as applicable to a
majority of local impact models, such as crop and forest growth models.

The bias-corrected data have been stored in a space-saving NetCDF binary file format. This
format is compatible with the most common data processing tools, such as the CDO, Python
and R softwares.

2.8 Climate indices

Climate indices can be calculated from the bias-corrected model output files discussed in the
previous subsection. Two temperature-based indices were calculated by FMI: the summer and
ice day indices. To confirm the validity of the result, we first compiled our own Fortran code
and then repeated the calculation using the CDO software developed at the Max-Planck-Institut
für Meteorologie in Germany.

The bias-corrected data (section 2.7) have been sent to LEGMC to be used for calculation of the
other relevant climate indices.

3 Spatial mean projections

3.1 Time series of changes

Future annual-mean trends in daily mean temperature and precipitation are shown in Fig. 9.
Changes are 30-year running means presented relative to the baseline period (1971–2000) av-

Figure 9. Projected multi-model mean changes in annual mean surface air temperature (in ◦C;
left panel) and precipitation (in %; right panel) for the years 2000–2086, relative to the mean
of the baseline period 1971–2000. All values are 30-year running means averaged spatially over
Latvia. Projections are depicted separately for three greenhouse gas scenarios: RCP8.5, RCP4.5
and RCP2.6 (see the legend).



22

Figure 10. Projected multi-model mean changes in daily mean (solid curve), minimum (dashed
curve) and maximum temperature (dotted curve) for the years 2000–2086, relative to the mean
of the baseline period 1971–2000. Left panel represent January and right panel August; unit ◦C.
All values are 30-year running means averaged spatially over Latvia. Projections are depicted
separately for three greenhouse gas scenarios: RCP8.5, RCP4.5 and RCP2.6 (see the legend).

erage and are given separately for the RCP2.6, RCP4.5 and RCP8.5 scenarios. Only the multi-
model mean changes are examined here.

During the first few decades of this century, annual mean temperature and precipitation increase
at a similar rate according to all three RCP scenarios, but in the mid and, in particular, late
21st century projected changes depend substantially on the evolution of the greenhouse gas
emissions. If the most detrimental RCP8.5 scenario is realized, annual mean temperature in
Latvia is assessed to increase by about 5◦C and precipitation by ∼15 %. According to the
two mitigation scenarios (RCP2.6 and RCP4.5), projected changes are far weaker. The annual
total of solar radiation (not shown) will increase by a few per cent, but this small increase is
a residual of a drastic relative reduction in winter and a modest increase in summer and early
autumn (Fig.14).

As a first approximation, daily minimum and maximum temperatures increase at a rate that is
close to that projected for the daily means (Fig. 10). Nonetheless, there is a tendency towards
increasing diurnal temperature amplitudes in summer, i.e., the daily maxima increase somewhat
more rapidly than the daily minima. In winter, diurnal temperature variations diminish. This
topic will be discussed in more detail in the next subsection.

3.2 Projections at a monthly level, including the uncertainty estimates

Monthly multi-model mean changes for the period 2071–2100, along with uncertainty intervals
representing differences among the various GCM simulations, are presented for the various cli-
mate variables in Figs. 11, 12, 13, 14, 15, 16, 17 and 18. Note that figures have been given also
for two variables not mentioned in the procurement (air pressure and solar radiation). The corre-
sponding seasonal and annual mean projections for three future periods (2011–2040, 2041–2070
and 2071–2100), considering all three RCP scenarios, are given in Tables 3–8 in the Appendix.
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Figure 11. Projected changes in monthly mean temperature (◦C) for the period 2071–2100, relative
to 1971–2000; a spatial average over Latvia under RCP4.5 (left) and RCP8.5 (right). The curve de-
notes the best estimate for the change, i.e., the 28-model mean of the simulated temperature change.
90 % uncertainty intervals for the change, derived from the scatter among the individual GCM
simulations, are marked by vertical bars. The x axis shows the months (J=January, F=February,
etc.).

Figure 12. Projected changes in precipitation (in %) in Latvia from 1971–2000 to 2071–2100. For
further information, see the caption of Fig. 11.

According to the multi-model mean, the temperature increase is strongest in mid-winter (accord-
ing to RCP8.5, nearly 7◦C per century), and there is a minor secondary maximum in warming
in late summer (Fig. 11). Uncertainty intervals of the responses are fairly wide (e.g., from about
4◦C to more than 9◦C in January), but even the lower estimates (5th percentiles) for warming
are positive throughout the year. For precipitation change, the multi-model mean projection is
generally positive as well, with the exception of July and August under RCP8.5, but the error
bars are very wide, so that the sign of change remains uncertain, apart from the cold season (Fig.
12).

Air pressure may decrease slightly, but considering the uncertainty estimates, this conclusion
is far from certain (Fig. 13). Solar radiation is likely to decrease in winter (according to the
multi-model mean under RCP8.5, by up to 10–15 % in December to February), while in late
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Figure 13. Projected changes in surface pressure (in hPa) in Latvia from 1971–2000 to 2071–2100.
For further information, see the caption of Fig. 11.

Figure 14. Projected changes in incident solar radiation at the surface (in %) in Latvia from 1971–
2000 to 2071–2100. For further information, see the caption of Fig. 11.

Figure 15. Projected changes in the diurnal temperature range (in %) in Latvia from 1971–2000 to
2071–2100. For further information, see the caption of Fig. 11.



25

Figure 16. Projected changes in daily minimum temperatures (in ◦C) in Latvia from 1971–2000 to
2071–2100. For further information, see the caption of Fig. 11.

Figure 17. As in Fig. 16, but for the daily maximum temperatures.

Figure 18. Projected changes in wind speeds (in %) in Latvia from 1971–2000 to 2071–2100. For
further information, see the caption of Fig. 11.
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summer and early autumn, the most probable projection is an increase of ∼10 % (Fig. 14).
Even so, the 95 % uncertainty interval intersects the line of zero change in all months, and thus
the sign of change is somewhat uncertain. Diurnal temperature range will decrease substantially
in winter and possibly increase slightly in summer and early autumn (Fig. 15). Note that the
seasonal course of the best-estimate change in daily maximum temperatures is clearly bimodal,
with largest changes projected for January and August (Fig. 17). This kind of behaviour is far
less evident for the daily minima (Fig. 16).

For wind speeds, the model projections are very contradictory (Fig. 18). The multi-model mean
estimate for change is close to zero or slightly negative year-round, but considering the inter-
model scatter, substantial increases or decreases of nearly ±30 % are possible in winter under
RCP8.5.

3.3 Dependencies among the projected changes in different climate vari-
ables

Spatially averaged changes in temperature, precipitation, solar radiation and diurnal temperature
range in the individual GCMs are depicted in the form of scatter diagrams in Fig. 19. In the man-
ifold of the model simulations, in winter the modelled temperature increase tends to correlate
positively with the precipitation increase (a similar dependence was discovered by Räisänen and
Ylhäisi (2015) in studying a large northern-European domain), while correlations with changes
in solar radiation and diurnal temperature range are negative. These findings are physically plau-
sible, since in winter in northern Europe, rainless weather, low temperatures and large diurnal
temperature variations typically occur under clear weather conditions.

In summer, models producing largest warming tend to decrease precipitation and increase solar
radiation and the amplitude of diurnal temperature range (Fig. 19, right panel). In contrast to
winter, in warm season high temperatures are generally related to sunny and dry weather. This
also explains the positive correlation between changes in the mean temperature and its diurnal
range.

Fig. 19 has also been utilized in selecting a sub-ensemble of seven GCMs that simulate dissimi-
lar changes in temperature and precipitation. These are the models for which bias-corrected data
have been provided (Table 2).

3.4 Thermal growing season

Future evolution of the thermal growing season is explored at one grid point that resides close to
Riga (Fig. 20). In the summer half of the year, projected warming is geographically very uniform
across Latvia (Fig. 21). Accordingly, the projected changes for growing season parameters at
that point are well representative for the entire country.

If the RCP8.5 scenario is realized, the onset of the growing season will become earlier by about
one month, and the end of the season will be delayed somewhat more (Fig. 20). Growing
degree days would increase from about 1500 to 2600. Under the RCP4.5 scenario, changes are
qualitatively similar but less drastic.
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Figure 19. Scatter diagrams showing the simulated changes (from 1971–2000 to 2071–2100) in
temperature, in conjunction with changes in precipitation (top), incident solar radiation (middle)
and diurnal temperature range (bottom) in Latvia for the individual GCMs. Left panels depict the
bivariate distributions for December-February, right panels for June-August; model simulations
under RCP4.5 have been marked by blue and those under RCP8.5 by red symbols. To facilitate the
identification of the responses produced by the individual GCMs in Tables 9–11, models originating
from different continents have been marked by distinct symbols (see the legend). The correlation
coefficients between the responses in the two variables under RCP8.5 (and for RCP4.5 in parenthe-
ses) are given in the bottom-left corner of each panel. Correlations higher than 0.37 are significant
at the 5 % level, those over 0.48 at the 1 % level (when data available from 28 GCMs, implying
df = 26).
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Figure 20. Temporal evolution of the onset (left) and termination (middle) of the thermal growing
season (above 5◦C) and the sum of growing degree days (right) at 57.125◦N, 24.625◦E. The dates of
the onset and termination are given in Julian days; e.g., day 90 corresponds to 31 March and day
334 to 30 November.

4 Geographical distribution of the projected changes

Geographical distributions of projected changes in daily mean, minimum and maximum tem-
peratures, precipitation and wind speeds are presented in Figs. 21–25. Compared with the large
inter-model differences among the projected changes (Figs. 11–18), differences between the
various regions of Latvia are generally fairly small.

In winter, warming tends to be somewhat stronger in the continental eastern provinces than in
the areas of maritime climate in the west (Fig. 21). The difference is largest in January, when the
multi-model mean warming ranges from about 5.4◦C in the west to 7.2◦C in the east (per 100
year, under RCP8.5). From April to October, projected temperature increase is very uniform
across the country, with the intra-country differences being smaller than ∼0.5◦C.

For the daily temperature minima and maxima, the geographical distribution of the change is
qualitatively very similar to that of the mean temperature (Fig. 22–23). In winter, the intra-
country differences are somewhat larger for the minima than for the maxima.

Precipitation tends to increase in the entire country throughout the year, apart from July and
August (Fig. 24). In winter, the increase is slightly larger in the east than in the west. In summer
and autumn, by contrast, precipitation projections tend to be dryest in the south. In all cases,
however, geographical differences in the precipitation projection are smaller than 10 percentage
points.

For wind speeds, the multi-model mean projections are very close to zero throughout the country
over the entire year (Fig. 25). However, wind speed projections are extremely uncertain owing
to a large inter-model scatter (Fig. 18).

5 Summer day and ice day indices

As an example, in this project two climate indices were calculated from the bias-corrected model
output. The first one, summer day index SU25 (Fig. 26), gives the annual number of days
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Figure 21. Geographical distribution of projected changes in monthly mean temperatures in Latvia
from 1971–2000 to 2071–2100 under the RCP8.5 scenario; an average of the simulations performed
with 28 GCMs. Unit ◦C.
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Figure 22. As in Fig. 21 but for the temporally-averaged daily minimum temperature (an average
of 25 GCMs).
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Figure 23. As in Fig. 21 but for the temporally-averaged daily maximum temperature (an average
of 25 GCMs).
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Figure 24. Projected changes in monthly precipitation totals (in %) from 1971–2000 to 2071–2100
under RCP8.5; an average of the simulations performed with 28 GCMs.
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Figure 25. Projected change in average wind speeds (in %) from 1971–2000 to 2071–2100 under
RCP8.5; an average of the simulations performed with 24 GCMs.
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Figure 26. Model-simulated count of summer days with a maximum temperature above +25◦C
(the summer day index SU25). The top-left panel shows the average count during the period
1971–2000 (a mean of the values calculated from the bias-corrected simulations performed with
the seven GCMs). The remaining panels depict estimates for the index for the period 2071–2100
under RCP8.5, derived separately for the individual GCMs; the model acronym is given above each
panel.
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Figure 27. Model-simulated number of ice days with a maximum temperature below 0◦C (the ice
day index ID0). The top-left panel shows the average count during the period 1971–2000 and the
remaining panels corresponding estimates for the period 2071–2100 under RCP8.5, separately for
the individual GCMs (see the explanation of Fig. 26).
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with a maximum temperature of higher than +25◦C. Correspondingly, the second index, ice
day index ID0 (Fig. 27), yields the number of days with a maximum temperature below zero.
For both indices, only the average estimate of the seven GCM is presented for the baseline
period 1971–2000, since for that period the estimates derived from the individual bias-corrected
model simulations are virtually identical. For future climate (in this example, 2071–2100 under
RCP8.5), by contrast, estimates are given separately for all seven GCMs.

In the baseline-period climate, the average number of summer days per year ranged from less
than 5 in the northern Kurzeme region to more than 20 in the Zemgale region. As a response
to anticipated warming, the number increases dramatically. Even so, there is a large divergence
across the individual model projections. According to the most modest estimate (CNRM-CM5),
the projected number in 2071–2100 under RCP8.5 would be about 20 in the north-west and
nearly 50 in the south-east. Conversely, in the bias-corrected simulation of GFDL-CM3, the
average future number of summer days would be close to 100 and even larger in the southern
provinces.

The average number of ice days varied in 1971–2000 from less than 40 in the vicinity of the
Baltic Sea coast to 70–80 in continental north-eastern Latvia. Moreover, the number tends to be
larger in elevated areas than in the nearby lowlands. As a consequence of projected warming,
the number of ice days declines, but again, the inter-model differences are substantial. On the
basis of the GFDL-CM3 simulation, there would be only a few ice days per winter in the west
and slightly more than 10 in the east. According to MPI-ESM-MR, the average number would
remain higher than 30 in wide areas in the east and be less than 10 only in the vicinity of the
western coast.

In comparing projected changes in the climate indices to modelled changes in long-term mean
temperatures (Table 11), one must bear in mind that the bias correction algorithm distorts
changes in the temperature variables to some extent; under RCP8.5 by late 21st century, the
largest method-induced differences are ∼ ±1◦C. Moreover, in calculating the indices, only one
parallel run has been considered, while the responses listed in Tables 9–11 are averages over all
parallel runs available for each individual GCM (Table 1). Therefore, projected changes in the
index values (Figs. 26–27) are not entirely consistent with the changes in temperature maxima
shown in Table 11. The same feature concerns precipitation and wind speed -derived indices as
well.

6 Climate extremes and the distribution of wind directions

In this project, future changes in the occurrence of extreme weather events and in the distribution
of wind directions have been discussed only qualitatively. All the inferences are founded on
experiments performed with the previous (CMIP3) model generation that was used in compiling
the 4th assessment report of IPCC (2007).

According to Jylhä et al. (2015), day-to-day variations in temperature appear to diminish in
northern Europe in winter, whereas no substantial changes in the variability are simulated for
summer. Thus, one can deduce that the most extreme cold temperatures in winter will rise more
than monthly mean temperatures of that season. In other words, in conjunction with the gen-
eral warming tendency, winter temperature climate would become less extreme than recently.
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Conversely, in summer, the highest temperatures are anticipated to increase approximately at a
similar rate as the mean temperatures do.

In summer in northern Europe, precipitation climate is projected to become, to some degree,
increasingly extreme (Lehtonen et al., 2014a). This indicates that heavy precipitation events
would become even more extreme while dry periods between the events would lengthen. How-
ever, in precipitation, natural year-to-year variability is very strong, and therefore it is unlikely
that any signal towards more extreme conditions would be discernible in the observations in the
immediate future. In winter, the substantial increase in mean precipitation manifests itself both
as an increase in the frequency of wet days and as an increase in precipitation totals falling in
those days.

Future trends in extremely strong winds are likely to be qualitatively similar to those in long-term
mean wind speeds (Gregow et al., 2012). According to the multi-model mean projection (Figs.
18 and 25), monthly mean wind speeds seem to remain nearly unchanged in the future. This
might indicate that no radical changes would occur in extremely strong winds either. Nonethe-
less, due to the large uncertainty in the mean wind speed projections (Fig. 18), this conclusion
is very tentative.

As a continuation of the present project, climatologists in LEGMC will use a limited sub-
ensemble of bias-corrected GCM simulations (section 2.7) to assess future changes in a number
of climate indices, including indices representing diverse climate extremes. These analyses will
reveal whether the above-mentioned inferences hold true for those CMIP5 model simulations.

Räisänen and Ylhäisi (2015) showed that mean summer temperatures in northern Europe are
projected to increase slightly more rapidly according to the CMIP5 than CMIP3 GCMs. In other
seasons, there is no statistically significant difference in the magnitude of warming. Annual
precipitation totals appear to increase somewhat less according to the recent model generation,
but owing to a large inter-model scatter, no significant differences are evident in the precipitation
responses of any individual calendar season.

In principle, this kind of differences between the successive model generations should be re-
flected in the projected changes in the various temperature and precipitation-based climate in-
dices. However, as stated by Räisänen and Ylhäisi (2015), “...the differences in temperature and
precipitation change between the ensembles remain relatively small compared with the varia-
tion between the individual model simulations”. Therefore, it is not possible to know in advance
whether changes in the indices derived from the present 7-GCM ensemble will be less or more
intense than those inferred previously from the CMIP3 GCMs. Qualitatively, it is likely that the
direction of the changes will generally be the same.

Regarding the wind directions, westerly and south-westerly winds seem to become increasingly
frequent in northern Europe in autumn and winter, at the expense of winds blowing from the
east (Ruosteenoja et al., 2013). This is in concordance with the surface air pressure projections,
according to which long-term mean air pressure is falling over the Arctic Sea and rising in
Central Europe (Ruosteenoja et al., 2013; Räisänen and Ylhäisi, 2015). In spring and summer,
projected changes in the wind speed distribution appeared to be less prominent.
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7 Concluding remarks

Owing to the continuously proceeding global warming, the future climate in Latvia is likely to
be fairly different from that having prevailed during recent decades. In winter in particular, con-
ditions are anticipated to become much warmer and wetter than recently, and less solar radiation
will be received. Concurrently, diurnal temperature range is projected to decrease. The tendency
towards warmer and wetter conditions appears to be strongest in the eastern parts of the country.
The number of ice days will decline substantially everywhere.

In summer, warming is projected to be somewhat weaker than in winter and precipitation might
even reduce slightly. Summer days with a maximum temperature above 25◦C will become much
more frequent than recently, and the length and degree days of the thermal growing season will
increase. On the other hand, average wind speeds may remain nearly unchanged throughout the
year.

According to the previous climate model generation, temporal variations in winter temperatures
would dampen in the future, and extremely low temperatures would thus rise drastically. In
summer, there would be no notable change in the variability and thus low and high temperatures
seem to increase at a similar rate. Summertime precipitation climate, by contrast, may become
more fluctuating.

In the framework of the present project, we have produced bias-corrected data for a number of
GCMs. Bias correction consists of finding correction factors that eliminate the major differences
between the model-simulated and observed climate during recent decades. The same correction
factors are then applied for adjusting the simulations of future climate. Observational analyses
needed for the correction procedure have been created by using Kriging interpolation. Although
widely used in climate research, that interpolation method typically involves problems close to
the boundaries of the inspected area. For daily mean, minimum and maximum temperatures, for
instance, the outcome of the Kriging analyses seem to be less reliable near the eastern boundary
of Latvia. As the bias-corrected model output is applied to calculating diverse climate indices,
the resulting index values for regions close to the boundaries should therefore be considered
with caution.

Increasing summer temperatures projected for Latvia, in conjunction with nearly unchanged
or even decreasing precipitation, tend to reduce soil moisture content in the future. This may
deteriorate the conditions of agriculture and forestry, increase forest fire ignition (Lehtonen et al.,
2014b) and induce occasional low water levels and exceptionally small discharge in rivers. On
the other hand, agriculture production may benefit from long and warm growing seasons (e.g.,
Ruosteenoja et al., 2016, and references therein), and the need for heating energy in buildings
decreases (Jylhä et al., 2015). Various implications of climate change will be discussed in more
detail in the other sub-task of the present project.

Projected climatic changes are subject to a substantial inter-model scatter. In addition, the mag-
nitude of change depends on the evolution of the greenhouse gas emissions; this challenge has
been addressed here by elaborating projections separately for three greenhouse gas scenarios of
varying severity. Accordingly, all decisions concerning adaptation to the future climate must be
based on rather uncertain quantitative information. In any case, the general tendency towards a
warmer and, in winter, wetter climate in the future is evident.
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8 List of deliverables

During the project, the following files and reports have been provided:

1. A report about the commencement of the project (in April of 2016).

2. Projected monthly-mean changes in daily mean, minimum and maximum temperature,
precipitation and wind speed on a 10 x 10 km grid covering Latvia: csv files contain-
ing overlapping 30-year running means for 112 periods from 1960–1979 to 2071–2100,
separately for three RCP scenarios (in May, see section 2.4).

3. Bias-corrected daily mean, minimum and maximum temperature and precipitation on a
10 x 10 km grid covering Latvia (NetCDF files) from seven climate models; for wind
speed, from three models (section 2.7). The models were chosen by inspecting the joint
distribution of projected changes in temperature and precipitation in Latvia, so that this
sub-ensemble of models representatively contains both models projecting relatively small
and large changes in these variables (in June).

4. Two selected temperature-based climate indices calculated from these bias-corrected
model output files (in June; see section 2.8).

5. Spatially averaged changes in daily mean, minimum and maximum temperature, precip-
itation and wind speed, including both multi-model means and uncertainty estimates (in
September, section 3).

Observation-based analyses of mean, minimum and maximum temperature and precipitation
have been created at LEGMC in March-April of 2016 by the third author of this report (section
2.6).
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Appendix: Tables of changes averaged spatially over Latvia

This Appendix provides estimates for future climatic changes in Latvia in tabular form. Multi-
model mean changes in different variables, in conjunction with the 90 % uncertainty intervals
and separately for three RCP scenarios, are given in Tables 3-8. Projections simulated by the
individual climate models are presented in Tables 9–11.
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Table 3. Projected seasonal and annual mean changes in surface air temperature (in ◦C) relative
to 1971–2000; spatial averages over Latvia (DJF: December to February; MAM: March to May;
JJA: June to August; SON: September to November; ANN: annual mean). Projections are given
separately for three 30-year future periods and three RCP forcing scenarios. For each projection,
three quantiles are given, with the median standing for the best estimate of the change and the 5.
and 95. percentage points defining the 90 % probability interval. The quantiles are derived from a
normal distribution fitted to the multi-model data.

Period Forcing Quantile DJF MAM JJA SON ANN
2011–2040 RCP2.6 5 % 0.4 0.5 0.5 0.5 0.7
2011–2040 RCP2.6 Median 1.9 1.5 1.5 1.4 1.6
2011–2040 RCP2.6 95 % 3.3 2.6 2.4 2.3 2.4

2011–2040 RCP4.5 5 % 0.5 0.6 0.5 0.5 0.8
2011–2040 RCP4.5 Median 2.0 1.6 1.5 1.4 1.6
2011–2040 RCP4.5 95 % 3.5 2.7 2.5 2.4 2.5

2011–2040 RCP8.5 5 % 0.6 0.7 0.5 0.7 0.9
2011–2040 RCP8.5 Median 2.0 1.7 1.6 1.6 1.7
2011–2040 RCP8.5 95 % 3.5 2.7 2.7 2.4 2.6

2041–2070 RCP2.6 5 % 1.0 0.8 0.6 0.8 1.0
2041–2070 RCP2.6 Median 2.4 2.1 1.8 1.8 2.0
2041–2070 RCP2.6 95 % 3.7 3.3 3.1 2.9 3.1

2041–2070 RCP4.5 5 % 1.2 1.1 0.9 1.2 1.3
2041–2070 RCP4.5 Median 3.1 2.6 2.3 2.3 2.6
2041–2070 RCP4.5 95 % 5.0 4.0 3.7 3.4 3.8

2041–2070 RCP8.5 5 % 2.4 1.6 1.3 2.0 2.1
2041–2070 RCP8.5 Median 4.1 3.1 3.1 3.2 3.4
2041–2070 RCP8.5 95 % 5.9 4.7 4.9 4.5 4.8

2071–2100 RCP2.6 5 % 1.0 0.6 0.5 0.8 0.9
2071–2100 RCP2.6 Median 2.4 1.9 1.8 1.9 2.0
2071–2100 RCP2.6 95 % 3.7 3.3 3.1 2.9 3.1

2071–2100 RCP4.5 5 % 2.0 1.6 1.2 1.5 1.8
2071–2100 RCP4.5 Median 3.9 3.1 2.8 3.0 3.2
2071–2100 RCP4.5 95 % 5.7 4.6 4.4 4.4 4.5

2071–2100 RCP8.5 5 % 3.7 2.8 2.2 3.0 3.3
2071–2100 RCP8.5 Median 6.2 4.8 4.9 4.9 5.2
2071–2100 RCP8.5 95 % 8.6 6.8 7.5 6.9 7.1
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Table 4. Projected seasonal and annual mean changes in precipitation (in %) for Latvia; for further
information, see the caption of Table 3.

Period Forcing Quantile DJF MAM JJA SON ANN
2011–2040 RCP2.6 5 % -2 -4 -12 -5 -1
2011–2040 RCP2.6 Median 8 7 2 5 5
2011–2040 RCP2.6 95 % 17 18 15 15 11

2011–2040 RCP4.5 5 % -4 -2 -16 -6 -2
2011–2040 RCP4.5 Median 7 8 2 4 5
2011–2040 RCP4.5 95 % 19 18 19 15 13

2011–2040 RCP8.5 5 % -1 -3 -12 -6 0
2011–2040 RCP8.5 Median 8 9 1 4 6
2011–2040 RCP8.5 95 % 17 21 15 14 11

2041–2070 RCP2.6 5 % -3 -1 -13 -5 -2
2041–2070 RCP2.6 Median 8 8 3 6 6
2041–2070 RCP2.6 95 % 19 18 18 16 15

2041–2070 RCP4.5 5 % 0 -1 -16 -6 0
2041–2070 RCP4.5 Median 13 11 1 8 8
2041–2070 RCP4.5 95 % 26 24 19 22 17

2041–2070 RCP8.5 5 % 1 4 -23 -6 -1
2041–2070 RCP8.5 Median 16 14 -1 8 9
2041–2070 RCP8.5 95 % 32 25 21 23 20

2071–2100 RCP2.6 5 % -3 -3 -11 -5 -2
2071–2100 RCP2.6 Median 9 7 3 6 6
2071–2100 RCP2.6 95 % 21 17 17 17 15

2071–2100 RCP4.5 5 % 3 0 -14 -5 1
2071–2100 RCP4.5 Median 16 14 4 9 11
2071–2100 RCP4.5 95 % 30 28 22 23 20

2071–2100 RCP8.5 5 % 7 6 -32 -3 0
2071–2100 RCP8.5 Median 28 19 -1 14 15
2071–2100 RCP8.5 95 % 50 33 30 32 30
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Table 5. Projected seasonal and annual mean changes in daily minimum temperatures (in ◦C) for
Latvia; for further information, see the caption of Table 3.

Period Forcing Quantile DJF MAM JJA SON ANN
2011–2040 RCP2.6 5 % 0.5 0.5 0.6 0.5 0.7
2011–2040 RCP2.6 Median 2.0 1.6 1.3 1.3 1.6
2011–2040 RCP2.6 95 % 3.6 2.6 2.1 2.1 2.4

2011–2040 RCP4.5 5 % 0.5 0.6 0.6 0.5 0.8
2011–2040 RCP4.5 Median 2.2 1.6 1.4 1.4 1.7
2011–2040 RCP4.5 95 % 4.0 2.7 2.1 2.3 2.6

2011–2040 RCP8.5 5 % 0.6 0.7 0.6 0.7 0.9
2011–2040 RCP8.5 Median 2.3 1.7 1.5 1.5 1.7
2011–2040 RCP8.5 95 % 4.0 2.7 2.4 2.3 2.6

2041–2070 RCP2.6 5 % 1.1 0.8 0.6 0.8 1.0
2041–2070 RCP2.6 Median 2.6 2.1 1.7 1.8 2.0
2041–2070 RCP2.6 95 % 4.1 3.3 2.7 2.7 3.1

2041–2070 RCP4.5 5 % 1.3 1.1 1.0 1.1 1.3
2041–2070 RCP4.5 Median 3.4 2.6 2.1 2.3 2.6
2041–2070 RCP4.5 95 % 5.5 4.1 3.3 3.4 3.9

2041–2070 RCP8.5 5 % 2.7 1.8 1.5 1.9 2.2
2041–2070 RCP8.5 Median 4.6 3.3 2.9 3.2 3.5
2041–2070 RCP8.5 95 % 6.4 4.8 4.4 4.5 4.8

2071–2100 RCP2.6 5 % 1.1 0.6 0.5 0.8 0.9
2071–2100 RCP2.6 Median 2.6 1.9 1.7 1.8 2.0
2071–2100 RCP2.6 95 % 4.1 3.3 2.9 2.8 3.1

2071–2100 RCP4.5 5 % 2.1 1.5 1.2 1.4 1.7
2071–2100 RCP4.5 Median 4.3 3.2 2.6 2.9 3.2
2071–2100 RCP4.5 95 % 6.5 4.8 4.0 4.4 4.7

2071–2100 RCP8.5 5 % 4.0 2.9 2.4 2.9 3.4
2071–2100 RCP8.5 Median 6.7 5.0 4.6 4.9 5.3
2071–2100 RCP8.5 95 % 9.5 7.1 6.9 6.8 7.2
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Table 6. Projected seasonal and annual mean changes in daily maximum temperatures (in ◦C) for
Latvia; for further information, see the caption of Table 3.

Period Forcing Quantile DJF MAM JJA SON ANN
2011–2040 RCP2.6 5 % 0.3 0.3 0.3 0.5 0.6
2011–2040 RCP2.6 Median 1.6 1.5 1.5 1.4 1.5
2011–2040 RCP2.6 95 % 2.9 2.7 2.7 2.3 2.4

2011–2040 RCP4.5 5 % 0.3 0.5 0.2 0.5 0.6
2011–2040 RCP4.5 Median 1.8 1.6 1.6 1.5 1.6
2011–2040 RCP4.5 95 % 3.2 2.8 2.9 2.5 2.6

2011–2040 RCP8.5 5 % 0.5 0.5 0.2 0.6 0.8
2011–2040 RCP8.5 Median 1.8 1.6 1.6 1.6 1.6
2011–2040 RCP8.5 95 % 3.2 2.7 2.9 2.5 2.5

2041–2070 RCP2.6 5 % 0.9 0.5 0.4 0.7 0.8
2041–2070 RCP2.6 Median 2.1 2.0 1.8 1.9 1.9
2041–2070 RCP2.6 95 % 3.3 3.5 3.3 3.0 3.1

2041–2070 RCP4.5 5 % 1.0 0.9 0.7 1.1 1.2
2041–2070 RCP4.5 Median 2.7 2.5 2.4 2.4 2.5
2041–2070 RCP4.5 95 % 4.4 4.1 4.1 3.6 3.8

2041–2070 RCP8.5 5 % 2.1 1.3 1.0 1.9 1.8
2041–2070 RCP8.5 Median 3.7 3.0 3.2 3.3 3.3
2041–2070 RCP8.5 95 % 5.3 4.8 5.4 4.7 4.8

2071–2100 RCP2.6 5 % 0.9 0.4 0.3 0.7 0.7
2071–2100 RCP2.6 Median 2.1 1.9 1.8 1.9 1.9
2071–2100 RCP2.6 95 % 3.3 3.4 3.4 3.0 3.1

2071–2100 RCP4.5 5 % 1.8 1.4 0.9 1.4 1.6
2071–2100 RCP4.5 Median 3.4 3.0 2.9 3.0 3.1
2071–2100 RCP4.5 95 % 5.1 4.6 4.8 4.6 4.5

2071–2100 RCP8.5 5 % 3.4 2.5 1.8 2.8 2.9
2071–2100 RCP8.5 Median 5.6 4.7 5.0 5.0 5.1
2071–2100 RCP8.5 95 % 7.7 6.9 8.2 7.2 7.2
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Table 7. Projected seasonal and annual mean changes in the difference between daily maximum
and minimum temperatures (in %) for Latvia; for further information, see the caption of Table 3.

Period Forcing Quantile DJF MAM JJA SON ANN
2011–2040 RCP2.6 5 % -18 -8 -6 -7 -7
2011–2040 RCP2.6 Median -9 -1 2 2 -1
2011–2040 RCP2.6 95 % 0 6 10 10 5

2011–2040 RCP4.5 5 % -20 -9 -7 -9 -9
2011–2040 RCP4.5 Median -10 0 3 2 -1
2011–2040 RCP4.5 95 % 0 8 13 14 7

2011–2040 RCP8.5 5 % -20 -9 -7 -7 -8
2011–2040 RCP8.5 Median -10 -1 1 1 -1
2011–2040 RCP8.5 95 % 0 6 10 10 5

2041–2070 RCP2.6 5 % -22 -10 -6 -7 -9
2041–2070 RCP2.6 Median -11 -1 2 2 -1
2041–2070 RCP2.6 95 % 0 8 10 11 6

2041–2070 RCP4.5 5 % -28 -12 -8 -11 -12
2041–2070 RCP4.5 Median -15 -1 4 3 -1
2041–2070 RCP4.5 95 % -1 11 15 16 9

2041–2070 RCP8.5 5 % -34 -15 -9 -10 -14
2041–2070 RCP8.5 Median -19 -3 3 2 -3
2041–2070 RCP8.5 95 % -4 9 16 15 8

2071–2100 RCP2.6 5 % -21 -9 -5 -6 -8
2071–2100 RCP2.6 Median -11 -1 2 2 -1
2071–2100 RCP2.6 95 % -2 7 8 10 5

2071–2100 RCP4.5 5 % -35 -16 -10 -13 -15
2071–2100 RCP4.5 Median -19 -2 3 2 -3
2071–2100 RCP4.5 95 % -2 12 16 18 10

2071–2100 RCP8.5 5 % -46 -20 -13 -15 -19
2071–2100 RCP8.5 Median -25 -4 4 3 -4
2071–2100 RCP8.5 95 % -4 13 21 20 11
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Table 8. Projected seasonal and annual mean changes in surface wind speed (in %) for Latvia; for
further information, see the caption of Table 3.

Period Forcing Quantile DJF MAM JJA SON ANN
2011–2040 RCP2.6 5 % -5 -6 -4 -5 -4
2011–2040 RCP2.6 Median 0 0 0 -1 0
2011–2040 RCP2.6 95 % 5 6 3 3 3

2011–2040 RCP4.5 5 % -8 -10 -7 -9 -7
2011–2040 RCP4.5 Median -2 -2 -2 -3 -2
2011–2040 RCP4.5 95 % 4 5 3 3 3

2011–2040 RCP8.5 5 % -7 -8 -4 -6 -6
2011–2040 RCP8.5 Median 1 0 1 0 0
2011–2040 RCP8.5 95 % 9 8 5 6 6

2041–2070 RCP2.6 5 % -13 -12 -4 -7 -8
2041–2070 RCP2.6 Median -2 -1 0 -1 -1
2041–2070 RCP2.6 95 % 9 9 5 6 6

2041–2070 RCP4.5 5 % -19 -17 -11 -13 -13
2041–2070 RCP4.5 Median -4 -4 -3 -4 -4
2041–2070 RCP4.5 95 % 11 8 5 5 6

2041–2070 RCP8.5 5 % -18 -15 -6 -9 -11
2041–2070 RCP8.5 Median 0 0 1 0 0
2041–2070 RCP8.5 95 % 17 14 7 8 11

2071–2100 RCP2.6 5 % -23 -17 -4 -9 -13
2071–2100 RCP2.6 Median -2 -2 0 -1 -1
2071–2100 RCP2.6 95 % 18 13 5 7 10

2071–2100 RCP4.5 5 % -27 -22 -12 -16 -18
2071–2100 RCP4.5 Median -5 -6 -3 -4 -5
2071–2100 RCP4.5 95 % 17 10 7 7 8

2071–2100 RCP8.5 5 % -27 -20 -7 -12 -16
2071–2100 RCP8.5 Median -1 -1 0 -1 -1
2071–2100 RCP8.5 95 % 25 17 7 10 14
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